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The isotopic and elemental diversity in mid-ocean ridge basalts (MORB) traces the history of mantle 
differentiation, recycling and convective stirring. However, to interpret this record it is critical to account 
for the magma transport and storage processes modifying the primary geochemical variability of mantle 
derived melts. Magma mixing during low pressure differentiation is a key petrological process that 
controls the chemical variability of basalts throughout the global mid-ocean ridge system. Mixing occurs 
concurrent with crystallisation and must in general be dominant over any assimilatory processes in 
controlling the chemical evolution of basalts with MgO concentrations >5 wt% MgO. The effect of 
this mixing is to collapse the diversity of melt compositions leaving the mantle into the narrow 
range expressed in most mid-ocean ridge settings. In this context magma mixing can be viewed as 
contaminating the variance structure of primitive mantle melts, which leads to irreversible information 
loss on the sources and processes involved in melt generation unless primitive, unmixed, liquids and 
crystal phases are erupted. However, where we can track magma mixing, the homogenisation itself 
offers the potential to be an important petrological tool, which constrains the storage and transport 
processes magma experiences during its ascent through the mantle and crust. In the global dataset 
interrogated here systematic mixing trends are visible up to the length scales of ﬁrst order ridge 
segmentation (∼300 km), indicating the possible links between surface tectonics and the record of 
mantle heterogeneity in basalts. The importance of magma mixing at mid-ocean ridges hints at the need 
to reevaluate the MORB-ocean island basalt chemical dichotomy, given the poorly understood mixing 
processes operating during intraplate magma transport from mantle to surface.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Mid-ocean ridge basalts (MORB) offer important insights into 
upper mantle compositional structure that have helped reveal the 
ubiquitous nature of chemical and isotopic heterogeneity across 
multiple length scales in the Earth (e.g. Dupré and Allègre, 1980;
Sobolev and Shimizu, 1993; Agranier et al., 2005). That we see this 
heterogeneity reﬂected in MORB indicates two important facts: 
(1) that mantle stirring has been too ineﬃcient to erase all record 
of the processes that have brought the solid Earth to its current 
state (Coltice and Schmalzl, 2006) and (2) that melt mixing dur-
ing transport out of the mantle and storage in the crust is often at 
least partially incomplete in primitive basalts and their melt inclu-
sions (Sobolev and Shimizu, 1993; Spiegelman and Kelemen, 2003;
Maclennan, 2008; Rudge et al., 2013). We can therefore use the 
chemistry of basalts as an accessible record of planetary evolution, 
which due to subduction recycling not only constrains the history 
E-mail address: os258@cam.ac.uk.http://dx.doi.org/10.1016/j.epsl.2015.04.035
0012-821X/© 2015 Elsevier B.V. All rights reserved.of the solid Earth, but that of the hydrosphere and atmosphere as 
well (e.g. Allègre et al., 1987).
However, to be able to interpret the chemistry of basalts in 
terms of mantle composition we must be able to separate out the 
multiple processes modifying their chemistry during transit from 
source to surface. Of these processes, those occurring in crustal 
and shallow mantle magma chambers are key for determining the 
major, trace and volatile element content of a magma and the re-
semblance of these chemical observables to those in the original 
mantle melts. Clearly a dominant low pressure magmatic process 
is fractional crystallisation, which for a single parental melt com-
position generates a predictable suite of differentiated magmas 
lying along a liquid of descent. Our success in empirically and 
thermodynamically modelling liquid lines of descent is what has 
allowed fractionation to be normalised out in parameters such as 
Na8.0 (Na2O at 8 wt% MgO), to obtain global trends in oceanic 
basalts reﬂecting primary thermal and chemical conditions in the 
mantle (Klein and Langmuir, 1987; Jackson and Dasgupta, 2008;
Gale et al., 2014). Yet, given the wide range of basalt major and 
trace element compositions that are predicted for polybaric near 
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what surprising that simple fractionation paths are observed at all.
The formation of simple liquid lines of descent by cogenetic 
suites of basalts hints at the eﬃciency and importance of magma 
mixing during basalt differentiation, which drastically narrows the 
chemical variability found in even relatively primitive magmas. 
For a magma experiencing fractional crystallisation alone the orig-
inal mantle derived chemical signals are relatively robust, pro-
vided incompatible trace element or isotopic ratios are studied. 
However, mixing between chemically diverse magmas will oper-
ate to bias and limit the mantle source signals preserved, even 
for these otherwise robust elemental and isotopic tracers. What 
is more, this bias is likely to occur systematically according to 
tectonic setting and magma supply (Sinton and Detrick, 1992;
Rubin and Sinton, 2007; Rubin et al., 2009). As much of our under-
standing of mantle chemical structure comes from studying basalt 
chemistry, it is crucial we consider mixing as well as fractional 
crystallisation when attempting to reconstruct mantle composition 
and structure. However, despite the likelihood of magma mixing 
having an important role in basalt petrogenesis, the timescale, lo-
cus, and extent of mixing during magma transport and storage 
remains uncertain.
1.1. Magma mixing in whole rock and melt inclusions records
Magma mixing has been recognised in the local whole rock and 
glass records from mid-ocean ridge and ocean island settings us-
ing major and minor elements (Rhodes et al., 1979; Rhodes, 1983;
Perﬁt and Chadwick, 1998; Rubin et al., 2001), trace elements 
(Bergmanis et al., 2007), uranium series systematics (Lundstrom et 
al., 1995) and radiogenic isotopes (Stracke et al., 2003). The pio-
neering work of Sobolev and Shimizu (1993) and Sobolev (1996)
showed how high forsterite olivine-hosted melt inclusions can 
record greater chemical variability than their carrier liquids, and 
thus that some mixing must be occurring simultaneous to crys-
tallisation in the crust or shallow mantle. Maclennan et al. (2003a)
and Maclennan (2008) formalised this concept with mixing theory 
and new melt inclusion observations from Iceland that quantiﬁed 
the collapse in geochemical variability occurring during fractional 
crystallisation. Concurrent mixing and crystallisation (CMC) was 
the term adopted by Maclennan et al. (2003a), and is that used 
here, to describe the process whereby mixing occurs as an intrin-
sic part of the differentiation process, aided by the thermochemical 
nature of magma chamber convection (Martin et al., 1987).
Magma mixing has also been built into models describing the 
global systematics of mid-ocean ridge geochemistry, which sought 
to explain the degree of enrichment of incompatible elements dur-
ing differentiation (O’Hara, 1977; O’Neill and Jenner, 2012). O’Neill 
and Jenner (2012) also noted the greater variability of P2O5 and 
K2O in the highest MgO groups of basalts, and it is this poten-
tial for the whole rock and glass record to capture CMC that I will 
explore in this paper.
1.2. Approach
The work here is closest in approach to that of Rubin and Sin-
ton (2007) and Rubin et al. (2009) in considering the global MORB 
dataset as a whole and seeking to extract evidence for coherent 
patterns of mixing. Whilst Rubin and co-workers focused on the 
link between geochemical diversity, spreading rates and melt sup-
ply, the complementary emphasis of this paper is demonstrating 
the systematic role of magma mixing during differentiation within 
diverse suites of MORB, and the length scale on which these mix-
ing trends can be observed. In particular, I develop a set of sta-
tistical tools that enable the global dataset of MORB geochemistry 
to be interrogated at once, whilst accounting for local and regional differences in basalt composition that otherwise mask systematic 
patterns of magma mixing. Critically, these tools allow for rigorous 
testing of the signiﬁcance of CMC patterns and the length scales 
over which they are resolvable in suites of MORB.
In this paper the homogenisation of primary mantle derived 
chemical variability will be tracked using incompatible trace el-
ement ratios and isotopes. The key property of these geochem-
ical indices that enables CMC to be identiﬁed is that they are 
effectively conservative during fractional crystallisation: trace el-
ements such as La are incompatible and partition into the liquid 
rather than the early crystallising phases olivine, plagioclase and 
clinopyroxene (see Appendix B of Shorttle et al., 2014); heavy 
mass isotope ratios such as 143Nd/144Nd undergo little stable iso-
tope fractionation, which in any case would be normalised out in 
the mass fractionation corrections of mass spectrometry. Therefore, 
fractional crystallisation drives a magma through isotope versus 
MgO space, or incompatible trace element ratio versus MgO space, 
along nearly horizontal vectors. This means that if fractional crys-
tallisation was the sole process operating during differentiation, 
the primary (high MgO) diversity of basalts would be preserved 
across all MgO. In contrast, differentiation trends that converge at 
low MgO are indicative of mixing.
In investigating CMC I ﬁrst use data from some of the most 
densely sampled ridge segments on Earth, Iceland’s neovolcanic 
zones, to demonstrate that CMC is manifest in high sample number 
whole rock records that span a range of MgO. Using the obser-
vations from Iceland to build a conceptual model of crustal-scale 
magmatic mixing processes I then extend the study to three re-
gional case studies, from the North East Paciﬁc, the Central Mid-
Atlantic, and South East Indian Ocean where along-ridge sample 
coverage is good. In each case CMC is found to be operating to 
reduce the geochemical variability present in the most evolved 
basalts. Lastly, I interrogate a global compilation of MORB major 
and trace element chemistry for similar signs of CMC. In order 
to overcome local differences in the diversity and composition of 
primary mantle melts I demonstrate how the geographic normali-
sation of data can be used to bridge the gap between observations 
made on a small scale – at single ocean islands and ridge segments 
– to the entire global dataset of MORB chemistry. By analysing the 
geochemical variability in MORB over a range of length scales I 
identify a transition at between 100 and 300 km at which the 
simple relationships between geochemical variability and indices 
of differentiation appear. This result demonstrates that on short 
length scales mantle chemical structure and magmatic processes 
operate coherently in the creation and destruction of geochemical 
variability.
2. Methods
2.1. The dataset
The global database of MORB compositions I statistically inter-
rogate for evidence of CMC is that compiled by Gale et al. (2013), 
which has been carefully curated to mitigate the effects of inter-lab 
biases, duplicate analyses and off-axis samples. Removing dupli-
cate analyses is particularly important when studying the length 
scales at which local geochemical patterns emerge from global sys-
tematics, because the presence of duplicates will artiﬁcially create 
chemical similarity between samples over short distances. The Gale 
et al. (2013) dataset has also been ﬁltered for data quality based on 
canonical trace element ratios. Although this ﬁltering, if too severe, 
could potentially remove some of the signal of mantle derived vari-
ability required to track magma mixing, subsequent analysis will 
show there is still abundant geochemical variability to track CMC. 
In this sense the results presented could be viewed as a conserva-
tive estimate of the signiﬁcance of CMC in global MORB.
O. Shorttle / Earth and Planetary Science Letters 424 (2015) 1–14 3Fig. 1. Global map of along-ridge sample density, calculated as the radial distance required for ten samples to be within range of the central sample location. Boxes deﬁne 
the regions studied in more detail in Fig. 6: JDF = Gorda, Juan de Fuca and Explorer ridge segments; MAR = Mid-Atlantic Ridge; SEI = South East Indian Ridge. Inset map 
shows the sample density for Iceland. In the global map only samples with combined major element and La, Ce, Nd, Sm, Yb, Y and Zr analyses from the Gale et al. (2013)
dataset are included. Points along the scale bar record the median sample densities for Iceland and different portions of the global mid-ocean ridge.From the Gale et al. (2013) dataset I use 2120 samples with 
joint MgO, La, Ce, Nd, Sm, Zr, Y and Yb analyses that were erupted 
along non-back-arc spreading centres. The trace elements were 
chosen to, (1) span a range of compatibility and so exhibit different 
degrees of variability in mantle derived melts, and (2) maximise 
the number of available data. The corresponding isotopic data for 
these same samples is in general too limited to identify CMC, ei-
ther on a local scale or by combining the global data and so will 
not be used (although the results are reproduced for Sr isotopes, 
the most abundant isotopic data, in Appendix B). However, the 
conclusions of this paper regarding CMC are predicted to apply to 
isotopic tracers as they do trace element ratios (e.g. Rubin and Sin-
ton, 2007 and Section 3).
The spatial distribution of samples used in this study is plotted 
in Fig. 1, which places a circle at each sample location coloured 
by the local sample density. Even with this recent dataset Fig. 1
shows there are orders of magnitude variation in the along ridge 
sample density, with extensive portions of the East Paciﬁc Rise, 
central Mid-Atlantic Ridge and Indian Ocean ridge system remain-
ing poorly resolved. In contrast, the separate dataset used to illus-
trate CMC in Icelandic samples lies at the opposite extreme, with 
high sample density (inset Fig. 1).
The disparity in sample density between Iceland and the 
global mid-ocean ridge system means that the kind of local scale 
(<100 km) analysis it is possible to perform on Iceland (Fig. 2) 
will in general not be possible along ridges. Instead, all the data 
from the global dataset will need to be considered simultaneously 
in order to have enough samples to pick out mixing trends.
2.2. Quantifying dispersion
To characterise magma mixing it is helpful to have a measure 
of geochemical variability that is not sensitive to outliers. Magma 
mixing on a crustal scale will be a stochastic processes, and as such 
it is not a requirement that differentiated melts have mixed, only 
a statement of probability. The likelihood of magma–magma inter-
action ultimately determines the coherence (or gradient) of MgO-
variability proﬁles. On Iceland, where the MgO-variability trends 
are consistent across whole rock and melt inclusion suites (see 
Section 3) this probability of magma–magma interaction must be 
high. However, there will be occasional basalts deviating from the gross pattern of CMC, which will have undue prominence with a 
non-robust measure of dispersion. To account for this the measure 
of dispersion used here is the median absolute deviation
σ ∗ = kmed(|xi −med(x j)|), (1)
a robust measure of scale in which k ≈ 1.48 and med(xi) refers to 
taking the median of the ordered dataset xi . If magma mixing is 
taking place concurrent with differentiation, a positive correlation 
is expected between σ ∗ and MgO.
3. Concurrent mixing and crystallisation at Iceland
The effect of magma mixing on Iceland can be seen from the 
data presented in Fig. 2, which shows the evolution during differ-
entiation of both an incompatible trace element ratio Nb/Zr and 
Nd isotopes (Nd). In each panel the upper plot presents the raw 
data and the lower plot a running robust measure of variance, 
the median absolute deviation (σ ∗ , see Section 2.2), quantifying 
how variability changes during differentiation. For both the trace 
element and isotope data, and in each regional dataset, the diver-
sity of melt compositions decreases as differentiation proceeds. At 
5 wt% MgO mixing has erased almost all primary variability and 
these basalts now have Nd and Nb/Zr values similar to the mean 
Icelandic crust (horizontal black lines, Fig. 2). The basalts at low 
MgO record signiﬁcantly less variability than their high MgO par-
ent liquids indicates, indicating that on Iceland mixing between 
magmas must be occurring concurrent with crystallisation during 
crustal scale differentiation.
A schematic depiction of magma mixing in the Icelandic crust 
is presented in Fig. 3, which places the geochemical structure ob-
served in Fig. 2 in the context of magmatic processes. The es-
sential feature of this model is that diverse primary melts are 
supplied from the mantle, both as an inevitable consequence of 
polybaric fractional melting (in the case of trace elements), and 
the isotopic and lithological heterogeneity intrinsic to the source 
region (e.g. Stracke et al., 2003; Shorttle and Maclennan, 2011;
Shorttle et al., 2014). This initial variability is then destroyed as 
magma experiences mixing whilst resident in successive magma 
chambers. The chemical variability of melts entering the crust is 
the passive ‘dye’ enabling mixing to be tracked.
4 O. Shorttle / Earth and Planetary Science Letters 424 (2015) 1–14Fig. 2. Concurrent mixing and crystallisation captured in Icelandic whole rock data. A–C show the collapse in the geochemical variability of incompatible trace element ratio 
Nb/Zr, which occurs during crystal fractionation in Iceland’s north eastern, central, and south western volcanic zones respectively. In each ﬁgure the upper panel plots the 
raw data from the zone as coloured points, overlying the data from the remaining two zones as grey points. The solid black line in each upper panel represents the volume 
average mean of whole rock chemistry from the zone, and the dashed lines the 1σ standard error on the mean. Lower panels quantify the geochemical variability as σ ∗ (the 
median absolute deviation) in a running window of 1 wt% MgO. Coloured lines record the running variability of data from each zone with the 95% conﬁdence region around 
it, whilst black dashed lines and the grey ﬁeld record the running variability for combined data from all three zones. D–F show that concurrent mixing and crystallisation 
is also recorded by isotopes, in this case Nd, but with lower ﬁdelity due to the smaller amount of available data. ‘N ’ is the number of samples used in constructing each 
ﬁgure. Data sources are given in Appendix C. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)There are a number of important implications of this model:
1. Assimilatory process do not have a signiﬁcant role in creating 
geochemical diversity, at least for basalts with MgO >5 wt%. 
This is because: (i) Trace element ratios and isotopes behave 
coherently in showing a collapse in variability with differen-
tiation. Given the young age of the Icelandic crust this is a 
relationship that can only result from primary mantle derived 
variability being diminished during differentiation, i.e. the neo-
volcanic zone crust is likely only as chemically variable as the 
melts being supplied from the mantle today. (ii) The longer 
crustal residence times of differentiated basalts should create 
more opportunity for assimilation to occur, which if it was cre-
ating highly trace element fractionated melts would instead 
lead to greater trace element ratio diversity at low MgO, the 
opposite of what is observed.
2. That if melt transport processes out of the mantle eﬃciently 
homogenised primary melts then we would lose sensitivity to 
crustal mixing processes, especially for those isotopic and trace 
element ratio tracers robust to crystal fractionation. In addition 
to differences in the degree of mantle source heterogeneity, 
the varying degree of melt homogenisation during its extrac-
tion from the mantle is one reason why crustal mixing may be 
more or less easy to resolve in data from different locations.3. The crustal architecture consists of multiple stacked, episodi-
cally connected, magma chambers. This is something that has 
been long inferred petrologically (e.g. Nicolas et al., 1988;
Kelemen et al., 1997b; Maclennan et al., 2001b), and is be-
ginning to be resolved seismically (Marjanovic´ et al., 2014). 
It would be diﬃcult to reconcile the variety of differentiation 
and mixing histories observed in basalts on Iceland with all 
magma being processed through the single melt lens of ‘gab-
bro glacier’ accretion models (Phipps Morgan and Chen, 1993).
4. Mixing operates on two scales of length and time: within in-
dividual magma chambers, and stochastically throughout the 
crust as magma chambers are connected to exchange heat and 
mass.
The remainder of this paper will investigate whether the CMC 
processes inferred from Icelandic basalts are also controlling the 
chemical variability of global MORB, and the length scale at which 
CMC becomes resolvable.
4. Concurrent mixing and crystallisation in global MORB
4.1. CMC in raw data
The simplest way of interrogating the global MORB dataset for 
CMC is to plot all the data at once and see whether patterns sim-
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magmatic processes in the crust and mantle. (A) Shows a representation of the 
data distribution found in Icelandic whole rock suites. In the top panel incompatible 
trace element ratio Ce/Yb is plotted against MgO, with points coloured to indicate 
their relative contribution from enriched (high Ce/Yb, yellow) and depleted (low 
Ce/Yb, blue) mantle melts. The bottom panel records the running variance structure 
of the dataset, peaking at high MgO and decreasing with decreasing MgO. Num-
bers refer to the stages of magma evolution in the cartoon (B). (B) 1) Magma is 
likely transported out of mantle in high porosity channels (Kelemen et al., 1997a;
Spiegelman and Kelemen, 2003), these transport processes may impose mixing on 
the melts before they even reach the crust (e.g. Rudge et al., 2013). 2) Melts en-
riched in incompatible trace elements (yellow) form at the base of the melting 
region and occupy the centre of these channels, whilst melts of the depleted ma-
trix accrete to the channel margins in the shallow melting region forming high MgO 
trace element poor melts (blue). 3) These diverse melts are then supplied to magma 
chambers near the Moho. At this point mixing and crystallisation on the scale of 
single magma chambers will start to reduce primary variability in incompatible 
trace element ratios and isotope systems, and evolve the major element chemistry 
of the lava to lower MgO. Eruption of these primitive melts creates an accessible 
whole rock record of near-primary mantle chemical diversity, and is complementary 
to the record preserved in high forsterite olivine-hosted melt inclusions. 4) Magma 
mixing and differentiation proceeds throughout the crust, as magma chambers are 
episodically connected to move magma upwards into progressively colder surround-
ings. 5) The ﬁnal (axial) magma chamber hosts the most processed magmas, in 
which much primary mantle diversity has been lost. (For interpretation of the ref-
erences to color in this ﬁgure legend, the reader is referred to the web version of 
ilar to those for Iceland in Fig. 2 emerge. This approach is shown 
in Fig. 4, where the MgO-trace element data have also been nor-
malised by subtracting their mean and dividing by the standard 
deviation (zi = (xi − μ)/σ ): using a common mean and standard 
deviation for each point means that this normalisation just acts to 
centre all the data about zero and rescale them, the relative posi-
tion of data remains unchanged.
It is immediately apparent from distribution of data in Fig. 4
and the running σ ∗ proﬁles, that the CMC pattern of diminish-
ing trace element variability with MgO is only weakly present, 
if at all. In fact, three of the four ratios (La/Yb, Ce/Yb and Zr/Y) 
show an increase in variability with decreasing MgO, the oppo-
site of what CMC predicts. However, it is perhaps not surprising 
that this kind of test failed. The Icelandic data (Fig. 2) shows that 
from zone to zone there is an offset in the mean composition 
that basalts converge towards and also a difference in the absolute 
variability at high MgO. These spatial patterns reﬂect underlying 
changes in mantle source and melting conditions, which weight 
the mean melts supplied to the crust more towards enriched or 
depleted lithologies as a function of location (Shorttle et al., 2013, 
2014). Combined, these factors make for a running dispersion pro-
ﬁle calculated on the whole Icelandic dataset (dashed black lines 
Fig. 2) that shows a slightly damped change in variability from 
high to low MgO compared with the zone speciﬁc calculations, and 
a plateau at higher values of dispersion at the lowest MgO. What 
this indicates is that locally coherent patterns of CMC may be lost 
when stacked together on a global scale, due to 10–10,000 km 
scale changes in mean mantle composition (Dupré and Allègre, 
1983), melting conditions (Gale et al., 2014) and melt transport 
processes (Weatherley and Katz, 2012).
The potential for the large scale grouping of data to obscure ev-
idence for CMC, which may only operate systematically on a local 
scale, is shown schematically in Fig. 5A and B. Two ridge segments 
supplying melts of different mean trace element composition and 
with different absolute variability would lead to the data distribu-
tion in Fig. 5B. When these two discrete paths of CMC are merged this article.)Fig. 4. Equivalent plots to those constructed from Icelandic data in Fig. 2 to identify the presence of concurrent mixing and crystallisation, but looking in the global MORB 
dataset (N = 2120). In each case the upper panel plots an incompatible trace element ratio, and the lower panel shows the running variability (as σ ∗) calculated with 
0.5 wt% MgO windows. Symbols are coloured according to the number of nearby points in trace element–MgO space to give an indication of data density. Raw trace element 
ratios have been projected into z-scores by subtraction of the global mean and division by global standard deviation, a linear transformation that does not affect the data 
distribution (see text for details). None of these plots show the same simple systematic as seen in Icelandic data of decreasing geochemical variability with increasing degree 
of differentiation (decreasing MgO). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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the global MORB dataset can elucidate concurrent mixing and crystallisation rela-
tionships. (A) Map representation of sample locations (circles) distributed along a 
ridge with a transform fault. (B) Systematic local differences in the mean degree of 
enrichment (μ) as represented by the incompatible trace element ratio Ce/Yb, will 
cause datasets from each region of ridge to be offset from each other in Ce/Yb–MgO 
space. The two regions also have different geochemical variability at high MgO (σ ∗1
and σ ∗2 ), so even considering the raw data on a segment by segment basis will 
give apparently different concurrent mixing and crystallisation relationships. The 
combined result of these spatial differences in basalt chemistry is that a running 
geochemical variability calculation (σ ∗ Ce/Yb, lower panel) will not see the coher-
ent pattern of reducing geochemical variability with decreasing MgO that exists on 
a local scale. (C) A map view describing how the geographic normalisation proce-
dure accounts for local differences in geochemistry to produce a dataset from which 
systematic local structure can be found. Each sample trace element ratio (XCe,Ybi ) 
has the local mean subtracted (μCe,Ybi ) before being ratioed to the local standard 
deviation (σ Ce,Ybi ), with ‘local’ here deﬁned by the spatial radius of sample inclu-
sion for calculating μCe,Ybi and σ
Ce,Yb
i . (D) Applying this local normalisation recasts 
data about zero and scales the absolute variation by the local variation present in 
the data, making the local concurrent mixing relationships apparent from the com-
bined global normalised dataset.
together to calculate a running σ ∗ proﬁle, a systematic change 
with MgO will not be observed.
4.2. Applying geographic normalisation to resolve CMC
A solution to the problem of both needing to use the whole 
global dataset to have enough data to characterise CMC, whilst 
preserving sensitivity to the local changes in source, melting and 
mixing processes is to apply a local normalisation to the data. This 
process is shown schematically in Fig. 5C and D, where data from 
two separate ridge segments with different mean and variability 
are re-scaled and aligned about 0 by geographic normalisation. 
This normalisation is calculated for trace element ratios as
Z p,qi = (Xp,qi − μp,qi )/σ p,qi , (2)
where Z p,qi is the normalised trace element ratio for sample i, X
p,q
i
is the raw ratio Xpi /X
q
i in sample i, and μ
p,q
i and σ
p,q
i are the 
geographically weighted mean and standard deviation of Xpi /X
q
i
for samples local to sample i. In general the distance of sample jfrom i, Rij , is used as the weighting factor in calculating μ
p,q
i and 
σ
p,q
i according to either a continuous Gaussian weighting function
wij = exp[−(Rij/b)2], (3)
or a discontinuous binary weighting
wij =
{
1 if Rij ≤ b
0 if Rij > b,
(4)
where b is a chosen normalisation scale in the same distance units 
as Rij , giving a mean elemental concentration
μ
p
i =
∑
j
wij X
p
i /
∑
j
wij, (5)
with the mean trace element ratio calculated as
μ
p,q
i = μpi /μqi . (6)
The geographically weighted standard deviation is given as
σ
p,q
i =
[ ∑
j wij(∑
j wij
)2 −∑ j w2i j
]1/2[∑
j
wij(X
p,q
j − μp,qi )2
]1/2
.
(7)
Repeating this for each sample in the dataset rescales the orig-
inal trace element ratios Xp,q = {Xp,q1 , Xp,q2 , . . . , Xp,qN } to Zp,q =
{Z p,q1 , Z p,q2 , . . . , Z p,qN }, so that high or low values of Zp,q are rep-
resentative of local extremes and data are centred about zero.
First I explore two segment based normalisations in regional 
and global datasets, equivalent to assigning
wij =
{
1 if segmenti = segment j
0 if segmenti = segment j, (8)
which assumes that the scale of mixing corresponds to tectonically 
deﬁned segmentation of the ridge axis. I then sweep through nor-
malisation scales using 5 × 101 km ≤ b ≤ 2 × 104 km in Eq. (3) to 
test this assumption and identify the length scale at which CMC 
becomes coherent in the global dataset.
4.3. Applying spatial normalisation to identify CMC in global data
In Fig. 6 the Ce/Yb–MgO systematics of three regional datasets 
are plotted to investigate whether CMC can be identiﬁed along 
sections of ridge where the data coverage is reasonable. The se-
lected regions are marked by boxes in Fig. 1 and shown in more 
detailed local maps in Fig. 6A, D and G, corresponding respectively 
to the Mid-Atlantic Ridge between 21 and 27◦N, the Gorda–Juan 
de Fuca–Explorer Ridges, and the south East Indian Ridge. I group 
each region’s multiple ridge segments into three major units (S1, 
S2 and S3, keeping sample numbers in each grouping high) and 
compare the pattern of CMC in the raw data (regional normalisa-
tion) to that obtained from the more local normalisation.
The proﬁles of σ ∗ with MgO calculated from the raw data in 
Fig. 6B, E and H show signs of CMC: In each case there is a general 
pattern of high σ ∗ at high MgO decreasing during differentiation. 
However, in the case of the Mid-Atlantic Ridge data there is no 
further decrease in variability after ∼8 wt% MgO, partly because 
of the different mean compositions and geochemical diversities 
of the three subsets of data. Applying a more local normalisation 
deﬁned by the ridge segmentation produces the σ ∗–MgO distribu-
tions given in Fig. 6C, F and I. Now the appearance of CMC is clear 
in each region and particularly systematic in the South East Indian 
Ridge data. These plots demonstrate that the mixing systematics 
found on Iceland can be observed at a regional scale along the 
mid-ocean ridge system.
O. Shorttle / Earth and Planetary Science Letters 424 (2015) 1–14 7Fig. 6. Investigation of concurrent mixing and crystallisation processes on a regional scale in three areas of mid-ocean ridge with good data coverage (boxes in Fig. 1). (A), (D) 
and (G) are maps of the along-ridge sample distribution on the Mid-Atlantic Ridge between 21 and 27◦N, the Juan de Fuca area and the South East Indian Ridge respectively. 
Samples are coloured by their normalised Ce/Yb (as a z-score), using the mean and standard deviation of the whole regional dataset. For each ridge section three areas have 
been picked out (S1–S3) loosely corresponding to major segment boundaries, which are subsequently used to apply a local grouping and normalisation to the data. Although 
the ridge segmentation also occurs on a ﬁner scale than used here, samples are grouped on a spatial scale that preserves a signiﬁcant number of data. Ridge segments 
are drawn from the Gale et al. (2013) catalogue. In (B), (E) and (H) regionally normalised Ce/Yb is plotted against the MgO content of the sample: in this projection the 
relative position of the data from each ridge segment is unchanged. Bottom panels in each case record the running σ ∗ for the data as a black line surrounded by a grey 95% 
conﬁdence interval. Plots (C), (F) and (I) show the data distribution after a local normalisation is applied according the areas of ridge deﬁned in (A), (D) and (G) respectively. 
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)Investigating the global operation of CMC using a similar seg-
ment scale normalisation to that used above can be achieved by 
taking the segment means and standard deviations calculated in 
Gale et al. (2013) and applying those to the corresponding seg-
ment data using Eq. (2). Fig. 7 shows the results of this calcula-
tion for four incompatible trace element ratios, compared to the 
result obtained from the using the raw global dataset σ ∗–MgO 
proﬁles in Fig. 4. Applying the segment scale normalisation makes 
the data in the trace element versus MgO plots of Fig. 7 visually 
much more consistent with the triangular data distribution seen 
on Iceland, with variability narrowing towards low MgO. The cal-
culated σ ∗–MgO proﬁles conﬁrm this by showing a slight decrease 
in variability from high to low MgO (solid black lines), and are sig-
niﬁcantly different from the previous analysis of the entire raw 
dataset (dashed black lines).5. Finding the length scale at which CMC becomes apparent in 
MORB
5.1. Applying geographic normalisation over a range of distances
The two approaches represented by Figs. 6 and 7 have found 
evidence of CMC in MORB by assuming that CMC processes exist 
at the scale of tectonic segmentation of the ridge axis, i.e. weight-
ing data according to Eq. (8). In the case of Fig. 7, where the 
second order ridge segments deﬁned by Gale et al. (2013) were 
used, this corresponds to a median length scale of normalisation 
of ∼100 km. However, it is also possible that longer wavelength 
tectonic or mantle processes, for example plume-ridge interaction 
on length scales of order 1000 km, are masking CMC in the raw 
global dataset. In this case normalisation over distances greater 
8 O. Shorttle / Earth and Planetary Science Letters 424 (2015) 1–14Fig. 7. Geographic normalisation to obtain concurrent crystallisation and mixing relationships in the global dataset using the segment mean and standard deviations given by 
Gale et al. (2013). Upper panels present the data distribution for each normalised incompatible trace element ratio against (raw) MgO. Symbols are coloured according to the 
number of nearby points in trace element–MgO space to give an indication of data density. Bottom panels calculate a running σ ∗ for the data, shown as a solid line with 
a grey 95% conﬁdence interval. The dashed line in each plot shows the shape of the running σ ∗ calculated for the global dataset without local normalisation (from Fig. 4), 
with its absolute value scaled down onto the graphed range. Only segments with >5 samples were used in the calculation. (For interpretation of the references to color in 
this ﬁgure legend, the reader is referred to the web version of this article.)than second order ridge segmentation should also recover coherent 
σ ∗–MgO relationships. To identify the scale at which CMC becomes 
apparent in global MORB the approach taken here is to systemat-
ically normalise the data over a range of length scales, recording 
the σ ∗–MgO proﬁles at each step.
Geographic normalisation is applied with a Gaussian weight-
ing function (Eq. (3)) over 50–20,000 km, effectively spanning the 
segment scale to global scale. At each normalisation scale b, equiv-
alent to the standard deviation of the Gaussian distribution, a new 
dataset Zp,qb is created from which a σ
∗–MgO proﬁle is calculated.
The results of these calculations are presented in Fig. 8 for four 
trace element ratios. In each panel of Fig. 8 the plot on the left 
records σ ∗–MgO proﬁles calculated for geographically normalised 
datasets across a range of length scales. The σ ∗–MgO proﬁles are 
plotted against MgO as a horizontal line at a ﬁxed normalisation 
scale, and coloured according to the relative along proﬁle magni-
tude of σ ∗ , where red is high and blue is low. For two length 
scales of normalisation, global at 10,000 km and local at 50 km, 
the normalised data distribution and σ ∗ versus MgO proﬁles are 
plotted separately to the right.
The key result of Fig. 8 is that for each trace element ratio 
considered CMC becomes resolvable as the length scale of normal-
isation is reduced. This is apparent as the red band of high σ ∗
shifting from being concentrated at low values of MgO (or in the 
case of Zr/Y, spanning a range of MgO from 5–9 wt%), to being 
preferentially distributed at high values of MgO. Correspondingly, 
the distribution of normalised data (Zp,qb ) looks more like the tri-
angle converging towards low MgO that is seen in the Icelandic 
example (Fig. 2).
The transition to coherent CMC in Fig. 8, i.e. the local scale, 
is ∼300 km. Although, the exact onset of resolvable CMC dif-
fers between the trace element ratios: normalised Zr/Y and Sm/Yb 
exhibit CMC from ∼300 km, whilst Ce/Yb and La/Yb need normal-
isation down to ∼100 km. However, the weighting function used 
for the normalisation was a Gaussian (Eq. (3)), meaning that sam-ples outside the normalisation scale still have a ﬁnite contribution 
to the local mean and standard deviation used in Eq. (2) to apply 
the geographic normalisation. To test the sensitivity of the CMC 
length scale to the choice of weighting function I have repeated the 
analysis of Fig. 8, but using a binary weighting function (Eq. (4)). 
This weighting ensures that only samples within the normalisation 
scale contribute to the geographic normalisation, with the penalty 
that a noisier record is likelier to result.
Fig. 9 presents the results of both the original Gaussian 
weighted normalisation (Fig. 9a), and the new analysis performed 
using the binary weighting (Fig. 9b). Now the observation of CMC 
is presented in compact form as the correlation between MgO and 
σ ∗ , where a positive correlation is evidence for CMC (i.e. MgO and 
σ ∗ decreasing together). Importantly, the results from Fig. 8 are re-
produced using a binary weighting function, and the length scale 
at which CMC becomes apparent is again 200–300 km.
It is necessary to test the results obtained in Figs. 8 and 9
against the possibility that the geographic normalisation process 
is itself imposing mixing-like structure on the dataset. To achieve 
this, each sample has been repeatedly randomly relocated amongst 
the spatial locations in the dataset and geographic normalisation 
applied. In Fig. 8 the σ ∗–MgO proﬁles obtained by this random re-
location are plotted as dashed black lines, and are compared with 
the real proﬁles in the 10,000 km and 50 km side panels. Whilst 
applying the 10,000 km normalisation to the randomised dataset 
obtains a very similar result to that from the real data (compare 
dashed and solid lines), applying the 50 km normalisation does 
not recover the systematic pattern of reducing σ ∗ with reducing 
MgO. In Fig. 9 this test has been performed by ﬁnding the 95% 
range of correlation coeﬃcients obtained at normalisation scales of 
100, 1000, and 10,000 km (vertical bars) from the randomly spa-
tially reassigned datasets. Again, the correlation between MgO and 
σ ∗ in the real data only becomes signiﬁcantly different from the 
spatially random dataset at length scales of order 100 km.
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A–D, the left panel plots the σ ∗–MgO proﬁles obtained from the global dataset when it is geographically normalised over a range of length scales, using the continuous 
Gaussian weighting function given in Eq. (3). Variability is calculated as σ ∗ in a moving window of 0.5 wt% MgO and scaled to fall between 0 and 1. For each scale of 
geographic normalisation the σ ∗–MgO proﬁles calculated are represented as coloured bands with the colour indicating the degree of variability, from low σ ∗ in blue to 
high σ ∗ in red. The two insets to the right of each main panel show the underlying MgO-trace element relationships in the global dataset after geographical normalisation 
has been applied, with a 104 km width kernel (top) and 50 km width kernel (bottom). For each of these insets the geographically normalised trace element ratio is shown 
against MgO in the upper plot, and the running σ ∗–MgO proﬁle for these normalised data is given in the lower plot as the coloured line with grey 95% conﬁdence interval. 
Also shown as black dashed lines are the results of calculating the σ ∗–MgO proﬁles on a geographically normalised dataset that has had the original chemical data randomly 
re-assigned between geographic locations. This random reassignment tests whether the σ ∗–MgO systematics are generated by real local structure in the global dataset, or 
are a consequence of the geographic normalisation procedure. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this 
article.)Together, the random spatial reassignment tests show that ge-
ographic normalisation is exploiting real spatial structure in the 
dataset to ﬁnd CMC: magma mixing-like structure does not arise 
as an inevitable consequence of the normalisation procedure. Fur-
ther evidence for the signiﬁcance of CMC is given in Appendix A, 
where geographic normalisation also ﬁnds CMC using the larger 
dataset available when just considering the minor elements K and 
Ti. In Appendix B I verify these results are independent of concen-
tration related precision effects.
5.2. The spatial scale of CMC in relation to mean basalt composition
It was suggested in Section 3 that changes in the mean compo-
sition of basalts supplied to areas of ridge would give rise to offset 
CMC relationships. When considered together, two populations of 
separately mixing and differentiating basalts would produce σ ∗–
MgO proﬁles that failed to show a coherent collapse in variability 
with decreasing MgO (Fig. 5B). It follows from this that one po-
tential cause for the ∼300 km onset of CMC in Figs. 8 and 9, is 
that this is the length scale at which basalts are compositionally 
related. In this section I will test this hypothesis using a conven-tional spatial statistical analysis and compare the resulting length 
scale to that found for CMC.
To identify the local scale for MORB geochemistry I use a 
variogram (e.g. Cressie, 1993; Maclennan et al., 2003b), which 
measures the distance range over which there is spatial auto-
correlation in a dataset. The variogram analysis is applied to the 
2120 raw trace element ratios (for each of La/Yb, Ce/Yb, Nd/Yb, 
Sm/Yb and Zr/Y) without any geographic normalisation. The results 
obtained this way are therefore independent of the analysis used 
to identify CMC: the variogram does not investigate the depen-
dence of composition (and variability) on the degree of differenti-
ation, it simply measures the similarity of samples as a function of 
their separation distance. The variogram is calculated as
γ (l) = 1
2N(l)
∑
N(l)
(Xi − X j)2, (9)
where l refers to a speciﬁc lag distance over which sample pairs 
are included in the calculation, N(l) is the number of sample pairs 
in the distance bin, and X is the trace element ratio for the ith or 
jth sample. Lag distances are constructed with a tolerance to pro-
10 O. Shorttle / Earth and Planetary Science Letters 424 (2015) 1–14Fig. 9. Plots recording how correlation between σ ∗ and MgO varies as a function of normalisation scale for ﬁve trace element ratios. In (A), the Pearson product-moment 
correlation coeﬃcient has been calculated for each σ ∗–MgO proﬁle from Fig. 8 (in addition to that for Nd/Yb), with positive values indicating that geochemical variability 
(σ ∗) decreases as MgO decreases, and negative values indicating σ ∗ increases as MgO decreases. Concurrent mixing and crystallisation should be characterised by positive 
correlations between MgO and σ ∗ . Where the lines are thick, and coloured according to the legend, then the p-value for the correlation is ≤0.05. Thin grey lines indicate 
that the correlation’s p-value is >0.05. In (B) the correlations are plotted as a function of normalisation scale where a discontinuous binary weighting function has been 
used, Eq. (4), i.e. no samples further from the central location than the normalisation scale are included in the geographic normalisation. Correlation coeﬃcients have also 
been calculated for 1000 random reassignments of the samples at normalisation scales of 102, 103 and 104 km, to test whether the onset of CMC relationships at 300 km 
is a real feature of the dataset or an artefact of the normalisation procedure. The results of these tests are shown for each element as vertical bars (same colour scheme as 
for the lines), indicating the 95% conﬁdence region on the 1000 correlation coeﬃcients obtained. The bars have been drawn displaced from the normalisation scale at which 
they were calculated so they can be distinguished from one another. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web 
version of this article.)vide continuous coverage over the 0–20,000 km range of sample 
pairings, using the condition that the sample–sample distance, Rij , 
is consistent with the inequality l/1.1 < Rij ≤ 1.1l. Local structure 
appears in variograms as low values of γ (l) at small lag distances, 
with γ (l) then increasing as l is increased.
The results of the variogram analysis are presented in Fig. 10A, 
and these raw values of γ (l) are tested against the null-hypothesis 
of no spatial structure in Fig. 10B. The variograms show that sig-
niﬁcant spatial structure appears on length scales of 200–300 km 
for all trace element ratios considered. As this is similar to the 
∼300 km length scale found for CMC, this result is consistent with 
variation in the mean composition of basalts being the driver of 
decorrelation between MgO and σ ∗ in data grouped over larger 
distances.
5.3. What are the physical controls on the ∼300 km length scale of 
resolvable CMC relationships?
The analysis above has shown that for both CMC and raw trace 
element ratios, the average range that coherent local systematics 
extend up to is ∼300 km. This length scale indicates the distance 
over which basalts are statistically related, by having been derived 
from a source with common characteristics and/or having experi-
enced common processes during their pre-eruptive history.
One possible origin for the local scale is that tectonic division 
of the ridge axis is controlling the length scale at which CMC be-
comes apparent, with 300 km implying a control by ﬁrst/second 
order ridge segmentation (Macdonald et al., 1988). A test of how 
ridge segmentation relates to the spatial geochemical structure ob-
served here is to calculate a variogram for the case where basalt 
compositions only change on a segment to segment basis, but are 
uniform within a segment. Fig. 10C shows the variograms calcu-
lated for this case, where samples have been randomly assigned a 
composition based on their segment location. These synthetic var-
iograms achieve a very similar spatial structure to that found in 
the real data (Fig. 10D). Whilst not capable of proving that ridge segmentation controls CMC, the variograms do demonstrate the vi-
ability of this hypothesis.
The possible physical controls on the ∼300 km length scale 
identiﬁed, and their relation to ridge segmentation, can be crudely 
divided into crustal and mantle in origin. The simplest way in 
which the crust could impose a local length scale is by directly 
enabling exchange of heat and mass between the diverse melts 
entering its base, via the architecture of its melt storage and trans-
port network (as shown schematically in Fig. 3B). This could be 
by:
1. Eﬃcient mixing within along-axis magma chambers, assuming 
that there is extensive lateral connectivity along-strike. In this 
way unrelated magma batches could rise from the mantle, but 
on entering a common crustal storage network be mixed to-
wards a global mean.
2. Lateral transport of magma away from central storage lo-
cations towards segment ends. This process could achieve 
coherent chemical relationships between basalts, but with-
out the requirement for ridge segments to have continuous 
magma chambers communicating chemically and thermally 
along strike.
Neither of these crustal processes seem likely to be operating over 
∼300 km length scales. There is evidence for petrological variabil-
ity along ridges on an order of magnitude shorter scale than the 
∼300 km observed here (Langmuir et al., 1986). Given Langmuir et 
al. (1986) made these observations at the East Paciﬁc Rise, where 
long lived and extensive axial magma chambers have been im-
aged (Kent et al., 2000), ridges with lower magma supply would 
only be less likely to achieve eﬃcient along-axis mixing of diverse 
parental melts (Rubin and Sinton, 2007). Nor is it clear that the 
thin melt lenses observed at mid-ocean ridges would permit eﬃ-
cient along-axis mixing, even if they did exist unbroken for hun-
dreds of kilometres (Kent et al., 1990; Sinton and Detrick, 1992;
Oldenburg et al., 1989). Along-axis melt redistribution over dis-
O. Shorttle / Earth and Planetary Science Letters 424 (2015) 1–14 11Fig. 10. A spatial statistical analysis to determine the onset of signiﬁcant local structure in the global dataset. In (A) a variogram (see text for details) has been calculated 
for ﬁve trace element ratios over the same range of length scales investigated for CMC. Each plotted point represents half the average of the squared difference in trace 
element ratio (γ (l)) between all samples having the separation distances Rij in the range l/1.1 < Rij ≤ 1.1l, where l is the lag distance given on the x-axis. This groups 
samples–sample pairs over distance ranges progressively scaled by a factor of 1.1, beginning at 0–50 km, then progressing 50–55, 55–60.5 etc. The number of sample pairs 
in each bin is given at the top of the plot; the total unique pairings for the 2120 samples used is ∼2.2 × 106. Each of the empirical variograms are compared to the 
null-hypothesis of no signiﬁcant spatial structure in (B), where the real chemical data has been repeatedly randomly shifted 300 times between existing locations, and the 
variograms re-calculated. The comparison between the synthetic and empirical variograms is presented as a z-score difference, z(l) = [γ (l)empirical − γ (l)synthetic]/σ γsynthetic , 
where σγ (l)synthetic is the 1σ variability in the synthetic variograms obtained at each lag distance l. Red lines mark the percent conﬁdence intervals, and the vertical grey bar 
indicates the range of signiﬁcant spatial structure present in the data (200–300 km). (C) Shows the variogram for a synthetic dataset where the sample compositions are 
constant for each segment of ridge (as deﬁned by Gale et al., 2013), but then randomly vary between ridge segments. The underlying random distribution, from which the 
ridge segments are assigned their composition, is log-normal with the same log-normal mean and variance as Zr/Y in the real data. Thin grey lines represent 350 realisations 
of the random segment mean dataset, the thick black line is the average of these and the error bars the 1σ variability. In (D) the real Zr/Y proﬁle is compared to the results 
of the segment mean calculations, calculating z-scores as in (B). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version 
of this article.)tances of 150 km away from central reservoirs is also unlikely. In 
addition to thermal limitations on dyke propagation (Fialko and 
Rubin, 1998), tectonic segmentation of ridge axes on the 10 km 
scale would be hard to reconcile with regular 150 km long diking 
episodes (Macdonald et al., 1988).
Instead, it seems more plausible that the onset of resolvable 
CMC at length scales of ∼300 km arises due to common sources 
and processes that basalts experience during melting and melt ex-
traction from the mantle, rather than by their direct mixing. Mech-
anisms that could achieve this are:
1. The correlation in mantle source chemical heterogeneity over 
long wavelengths. 300 km would in this case represent the av-
erage distance over which parental melts have the same range 
of compositions.
2. Long wavelength mantle thermal anomalies. Mantle tempera-
ture inﬂuences how melting samples a heterogeneous mantle 
via its control on the pressure and extent of melting, and the 
ﬂow ﬁeld within the melting region (Maclennan et al., 2001a;
Shorttle et al., 2014).Given the ongoing debate about the origin of ridge axis segmen-
tation (e.g. Lonsdale, 1989; Toomey et al., 2007), it remains un-
clear how surface tectonics might drive or respond to the mantle 
based processes mentioned above and so contribute to creating 
coherent geochemical structure in suites of basalts on >100 km 
scales.
The discussion above focuses on understanding the onset of re-
solvable CMC at ∼300 km. Over shorter distances the crustal pro-
cesses previously ruled out will begin to operate, reinforcing the 
geochemical similarity of basalts by setting the physical, chemical, 
and petrological environment in which CMC occurs. Basalts will 
then exhibit distinct mixing and differentiation trajectories within 
ﬁrst and second order ridge segments, but will remain fundamen-
tally related by the common parental melt compositions imposed 
over longer wavelengths.
6. Summary
I have used observations at local, regional and global scales 
to demonstrate that the differentiation of basalts occurs concur-
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the mantle derived variability they initially possessed. This can be 
characterised by calculating proﬁles of σ ∗ versus MgO in trace el-
ement ratio and isotopic datasets, where σ ∗ is a robust measure of 
the variability present at a given MgO. Mixing processes in global 
datasets are confounded at ﬁrst sight by the different mean com-
positions and primary variabilities of basalts leaving the mantle 
between locations. However, when this provinciality is accounted 
for, by projecting data about their locally deﬁned mean and scal-
ing by the local degree of variability (geographic normalisation), 
simple patterns of magma mixing emerge.
Applying a geographic normalisation to MORB data over a 
range of length scales found that concurrent mixing and crystalli-
sation processes become apparent at ∼300 km. This is consis-
tent with the previous assumption that the natural ‘local’ length 
scale of normalisation was that of ﬁrst/second order ridge seg-
mentation. These results are further evidence that tectonic seg-
mentation of the ridge axis may be important in controlling the 
compositional systematics of MORB (Sinton and Detrick, 1992;
Perﬁt and Chadwick, 1998). As a scale at which steps in mean 
composition occur (Rubin et al., 2009), ridge segments have the 
potential to affect the coherency of concurrent mixing and crys-
tallisation relationships.
If magma mixing is as ubiquitous as suggested here, then the 
potential for it to operate differently between tectonic settings 
must be seriously considered when examining spatial patterns in 
mantle heterogeneity. In particular, the dichotomous chemical sys-
tematics of ocean island basalts (OIB) and MORB, albeit clearly re-
ﬂecting some differences in source, could also be looked at through 
the lens of distinct magma mixing proﬁles. Rubin et al. (2009)
suggested that the eﬃciency of magma mixing along mid-ocean 
ridges will vary systematically according to tectonic setting and 
magma supply. Given the potential sensitivity of magma mixing 
to tectonics it therefore seems inevitable that intra-plate volcanics 
(such as OIB) and MORB will experience different mixing histories, 
as the differences in crustal thickness, melt supply and geotherm 
between them far exceed that between any two ridges. To what 
extent this controls the different chemistries of OIB and MORB has 
yet to be resolved.
Although the systematics of magma mixing are harder (or im-
possible) to predict and reverse than fractional crystallisation, the 
data shown here demonstrate the form mixing can take and its 
relationship to indices of differentiation. With judicious sample 
collection and primitive crystal and melt inclusion studies, concur-
rent mixing and crystallisation can be characterised to identify the 
potential information loss on mixing. Whilst perhaps a hindrance 
to our ability to see cleanly into the mantle, how magma mix-
ing proceeds likely contains important new information on magma 
transport and storage processes that have still to be fully under-
stood.
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Appendix A. Mixing recorded by minor elements
In the main text it was demonstrated for a range of rare earth 
element (REE) and lithophile trace elements that CMC processes 
could be recovered by applying a geographic normalisation. Fig. A.1
shows that these same magma mixing processes are resolved in 
K2O/TiO2. Reproducing this result in K2O/TiO2 is signiﬁcant for two Fig. A.1. Geographic normalisation applied to the largest available suite of incom-
patible minor element data, the K2O/TiO2 ratios of MORB. (A) and (B) upper panel: 
The global dataset normalised at a length scale of 10,000 km for (A) and 50 km 
for (B). Lower panel: running median absolute deviation for the normalised dataset 
(solid line) compared to the same parameter calculated on a randomly geographi-
cally re-assigned dataset.
reasons: Firstly, it indicates that CMC will be recorded by any suit-
ably incompatible element ratio or isotope system in which there 
is variability in the primary mantle derived melts, not just the sub-
set of mainly REE elements presented in the main text. Secondly, 
as there is more data for K2O/TiO2 than for the REE (Fig. A.1 in-
cludes 378 more data than Fig. 8) it suggests that the relationship 
between low MgO and low σ ∗ will hold as the MORB dataset is 
expanded.
Appendix B. Mapping analytical precision into σ ∗–MgO
Ideally it would be possible to account for analytical precision 
in calculating σ ∗–MgO proﬁles by relating the concentration of 
an element to the precision with which it has been analysed and 
using this to create a corrected measure of variability. Mathemati-
cally this would mean knowing σ(X)2 and using this to calculate a 
true, precision subtracted, variability (σ 20 ) for each element or ratio 
using an equation of the form σ 20 = σ 2t − σ(X)2, where σ 2t is the 
total variability (natural and analytical). However, this is in general 
not possible from the information contained in compiled databases 
nor from the original publications. This is a potential issue when 
calculating σ ∗–MgO relationships because fractional crystallisation 
ensures that incompatible trace elements often have the lowest 
concentration, and perhaps then the worst precision, in the most 
primitive magnesian basalts. Therefore, potentially similar trends 
could be obtained from either CMC or analytical precision vary-
ing systematically with MgO. Given the obstacles to constructing 
a precision corrected measure of variability I instead present three 
observational lines of evidence conﬁrming that the relationships 
found in Fig. 8 are not an artefact of precision.
First, being able to use isotope ratios to investigate global CMC 
would alleviate the problem of MgO correlated precision, because 
isotopes will often be diluted to a ﬁxed run concentration. The ﬁ-
delity of isotopes to CMC processes was seen on Iceland in Fig. 2, 
implying that the trace element based identiﬁcation of CMC on 
Iceland is robust. As noted previously, there is much less MORB 
isotopic data than trace element data with which to form a Fig. 8
type normalisation-scale analysis. However, selecting Sr isotopes, 
O. Shorttle / Earth and Planetary Science Letters 424 (2015) 1–14 13Fig. B.2. Geographic normalisation applied to Sr isotopes, the largest available suite 
of isotopic data in the Gale et al. (2013) database. (A) and (B) upper panel: The 
global dataset normalised at a length scale of 10,000 km for (A) and 200 km for (B). 
Lower panel: running median absolute deviation for the normalised dataset (solid 
line) compared to the same parameter calculated on a randomly geographically re-
assigned dataset.
for which there is the most available data, and two ﬁxed normal-
isation scales for analysis 10,000 km and 200 km (not going to 
50 km because of the factor 3 less isotopic data compared with 
the trace elements), then a similar geographic normalisation can 
be attempted. Fig. B.2 shows the results of this geographic nor-
malisation, the key observation being that, like the trace element 
ratios, Sr isotopes also record a decrease in σ ∗ with decreasing 
MgO.
Second, Fig. A.1 in Appendix A, demonstrated that K and Ti also 
show evidence of CMC at the same length scales of normalisation 
as the trace elements. These minor elements will generally have 
been analysed by different methods than the REE and be present 
in the basalts at much higher concentrations. Therefore, ﬁnding 
high σ ∗ in the highest MgO basalts for K2O/TiO2, points towards 
analysis speciﬁc lower precision at the highest MgO not being the 
dominant control on σ ∗–MgO relationships.
Third, the σ ∗–MgO relationships can be separated into proﬁles 
for low and high concentration data to see if the variability of the 
trace element ratio changes systematically as a function of ana-
lyte concentration. This has been done in Fig. B.3 for La/Yb, Ce/Yb, 
Sm/Yb and Zr/Y. For each trace element ratio investigated the de-
creasing σ ∗ with decreasing MgO of the 50 km proﬁles is largely 
independent of elemental concentration.
Taken together these three observations are supportive of the 
variability at high MgO being a real feature of the natural data and 
not just an artefact of diminished precision at low concentrations.
Appendix C. Data sources
The sources of geochemical data used in Fig. 2 are for north 
east Iceland: Breddam et al. (2000); Maclennan et al. (2001b, 
2003b); Slater et al. (2001); Stracke et al. (2003); Nicholson et 
al. (1991); Kokfelt et al. (2006); Koornneef et al. (2012). For cen-
tral Iceland data were taken from: Chauvel and Hémond (2000); 
Maclennan et al. (2001a); Shorttle et al. (2013); Kokfelt et al.
(2006); Breddam (2002); Hardarson and Fitton (1997). For south 
west Iceland data were taken from: Chauvel and Hémond (2000); 
Sinton et al. (2005); Eason and Sinton (2009); Kokfelt et al. (2006); 
Koornneef et al. (2012); Hardarson and Fitton (1997); Gee et al. 
(1998a, 1998b); Thirlwall et al. (2004); Peate et al. (2009).Fig. B.3. Splitting up the σ ∗–MgO relationships into those for high and low concen-
tration data to assess wither analyte concentration is dominant in controlling σ ∗ . 
Each panel consists of two plots of σ ∗ versus MgO, both recording the median ab-
solute deviation of a trace element ratio in 1 wt% MgO bins for high concentration 
data (upward pointing red triangles) and low concentration data (downward point-
ing blue triangles). The split between high and low concentrations is made using the 
median of the numerator element’s concentration (the result is the same if the de-
nominator element’s concentration is used). Vertical bars record the bootstrapped 
95% conﬁdence interval on σ ∗ and the grey line is the corresponding σ ∗–MgO 
proﬁle from Fig. 8. Upper plots in each panel show the σ ∗–MgO proﬁles for a nor-
malisation scale of 10,000 km and lower plots for a 50 km normalisation scale. In 
general, the variability of low concentration data shows no signiﬁcant difference to 
the variability of high concentration data. (For interpretation of the references to 
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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